This paper addresses an approach for fast evaluation approach of correspondence uncertainty in 3-D vision metrology systems. The mathematic model of spatial resolution measurement area of a 3-D active vision system is developed from the calibrated system parameters. Using the derived model, error of correspondence matching between digital micro-mirrors device (DMD) and charge coupled device (CCD) camera is analyzed. Moreover, a performance index, expressed in terms of correspondence uncertainty, is used for evaluation of the upper and lower bound of resolution. In order to verify the proposed evaluation approach, a precision surface measurement system is established and calibrated. Our analysis shows that the upper part of the measurement area has the smallest correspondence uncertainty, which agrees well with the real physical arrangement. The variation of correspondence uncertainty within the measurement area is around 60.96%. Furthermore, based on the theoretical analysis of uncertainty bounds, an experimental measurement on gauge block was carried out and validated the method.
Introduction
Because of the demanding in current industry, the 3-D object reconstruction plays a significant role in a variety of applications (1) such as reverse engineering, object recognition, automatic optical inspection (AOI), computer graphics and animation, and medical applications. The surface profile measurement with micron-level precision becomes important to supervise the quality of product. Owing to mass production and advanced semiconductor technologies, vision components such as CCD camera and DLP (Digital Lighting Processor) projector are available in recent years.
This enables the development of vision-based surface metrology systems with low cost and high flexibility (2) . Furthermore, since CCD has large measurement range, measurement with millions of points within a few seconds can be accomplished.
For the development of 3-D metrology, there are two kinds of measurement approaches: the active and the passives vision system. Usually an active structured light projection system is composed of a projector and one or two cameras. The projector projects a predefined fringe patterns onto the object surface whereas the camera captures distorted image on the surface for further processing. Many surface profiling systems based on structured light projection have been developed within the last decade.
Sansoni et al. (3, 4) developed a 3-D optical profilometry system using a commercial projector and a CCD camera. For simplicity, the system is assumed to be arranged coplanar, with perspective centers of projector and camera placed at the same height. Under these assumptions, only two parameters are to be calibrated and their influence to measurement error is investigated. Li and Chen (5) developed a more general configured 3-D vision inspection system. From a set of predefined intrinsic parameters, a self-calibration process for extrinsic parameters was developed and an analysis of error propagation had been accomplished. Tsai et al. (6) developed a precision surface metrology system for profile measurement of small objects. In their study, both extrinsic and intrinsic parameters are considered in order to obtain higher precision. The associated calibration method is able to cope with arbitrary system setup with calibration error as small as 10 m  .
In these investigations, measurement resolution of each system is evaluated by the results of the measured profile. In a 3-D vision system, there are several parameters that define its performance such as measurement area, resolution and sensitivity. These include:
(1) the placement of cameras (position and orientation).
(2) the resolution components (lenses and pixel sizes).
(3) the working space (distance from camera to object and the field of view).
These parameters are fixed after the calibration of vision system is accomplished. Therefore, in order to provide performance of the developed measurement system, it is important to set up the vision system in a suitable configuration that produces minimal errors or uncertainties. This demands an effective way to evaluate the performance of a vision system with predefined configuration.
Various researches have recognized the importance of uncertainty assessment. Che et al. (7) used an approach based on constrained optimization to analyze the uncertainty of coordinate measurements. They found that the uncertainty of point coordinate is not homogeneous in the whole measurement volume. Some criteria for choosing measurement positions were established to minimize the measurement uncertainty. Kamgar-Parsis (8) have developed mathematical tools for computing the average error due to the quantization. Santo et al. (9, 10) dealt with the analytical expression of uncertainty of image processing software. They also discussed a number of issues related with the characterization of the uncertainty in image-based measurement system. Yang and Ciarallo (11) studied the effect of one and two dimensional spatial quantification error on the measurement statistically. The mean and variance of these errors are computed for a given set of sensor parameters to obtain a desired accuracy. Lazzari and Iuculano (12) proposed a mathematical model that permits the evaluation of the measurement uncertainty to identify the principle metrological characteristics of 3-D vision measurement system. They qualified each part of the optical device as well as on the whole measurement system. Li and Chen (5) analyzed the sensitivity of an active vision system with the capability of self-calibration, and concluded that a high accuracy in the depth measurement is achievable.
Olague and Mohr (13) proposed a camera network design to deal with the problem of where to place the cameras in order to obtain a minimal error of the 3-D measurement in photogrammetry. They posed the problem in terms of an optimization design. An uncertainty analysis had applied to the reconstruction process from which a covariance matrix is computed.
This paper proposes an uncertainty evaluation method based on the precision surface metrology system. The evaluation method provides an approach to analyze the performance of a system configuration. In section 2, the measurement area is first determined and the measuring uncertainty comes from correspondence matching error is studied both qualitatively and quantitatively. in section 3, a performance index is defined so as to evaluate the upper limit of the measurement uncertainty due to sensing noise. A contour mapping of uncertainty is generated and the result is used to evaluate the measurement of a V-shape groove and a gauge block surface.
System Layout and Modeling

Definition of measurement area
The active vision system consists of a projection device and an image sensing device, as shown in Fig. 1 .
represents the optical center of the projector that is used for actively projecting patterns on an object.
represents the optical center of camera that captured the distorted patterns on the object. For the purpose of system modeling and calibration, these components (projector and camera) are placed in such a way that optical centers and reference are coplanar (14, 15) . However, this will never achievable in practice. And it will introduce more system error if one ignores such an effect. In order to achieve precision measurement, a system calibration method was developed that offers a convenient way to accommodate arbitrary system arrangement (6) . Furthermore, because the projection chip and the camera sensor are two dimensional arrays that are composed of As shown in Fig. 1 , if the surface to be measured is placed in region IV, the objects sampled points are (
). However, it has fewer sampled 
) when object is placed in region III. It is obvious that the resolution of measurement is higher in regionⅣ than that in region Ⅲ.
Furthermore, all the pixel rays of projector and camera pass through region III, resulting in a lower measurement uncertainty. Therefore, the region Ⅳ ( PQS  ) of 3-D active measurement system is defined as measurement area (MA). Of course, the true measurable volume is three-dimensional. The MA defined here is just a measurable boundary in the sectional plane defined by the two optical center lines.
Correspondence pairs and spatial resolution of MA
In 3-D measurement system, the positions of object surface point are determined by the correspondence pairs   n m, . The resolution of the measurement system is highly related to the spatial arrangement of the projector and the camera. According to the previous discussion, the resolution inside the MA is not uniform. from the image center of camera. P Q and C Q forms a correspondence pair which is used to obtain the coordinate of P W . Therefore, the system can be treated as a stereo camera system, except the projector can only project patterns onto the object.
In Fig.2 , the coordinate of C Q and P Q can be expressed as follows (1) ( 2) the ray P Lis obtained as follows,
where C  denotes the inverse of the slope of P L , and can be expressed explicitly as (4) where
It is seen the slope of ray P Lin Equation (4) Likewise, light ray received by camera can be formulated as :
cos sin (5) where P  denotes the inverse of the slope of P L , described as (6) where
By combining Equations (3) and (5), coordinate of P W can be expressed as (7) When the arrangement of the devices in the measurement system has been done, the system configuration and specification of the projector and of the camera are decided. Therefore, the position of each sampled point on the
is a function of correspondence pair ) , ( n m , as described in Eq. (7).
In order to evaluate the system measurement performance, investigation of how uncertainty of the correspondence pair   n m,
caused by the noises is imposed on the sample point, the error of the sampled point becomes
After some calculations, the relationship between disturbed position dR and perturbed dΘ are obtained in matrix form (9) where
n m   , are described as Eq. (11), and the differentiation of slope inverse P  and C  are described as Eq. (12) (11)
Consequently, provided that a measurement system is established, the spatial gradient R d of each position within the MA can be obtained by system parameters, optical component specifications and relative
Estimation of Measurement Uncertainties with Performance Index
The key procedure in 3-D imaging measurement by using triangulation method is to determine an accurate correspondence matching (m,n), i.e.
finding the matching pixels of the stereo image pairs. The precision of correspondence is limited by the uncertainties of the matching index , or n m   which introduces a total uncertainty  in the measurement of a point on the object surface,
The uncertainty can be estimated as follows: (14) where ( 
The matrix A T A is positive definite and so are its eiganvalues m  and M  . 
or a relative performance index rms E , CCUs, E 1 and E 2 , will be equal to 1  and 2  respectively. Then the value of the performance index of the object, E obj should be within these two limits:
Experimental Evaluation and Results
System setup
The proposed 3-D measurement performance evaluation method is experimentally verified in a newly developed precision surface measurement system. Fig. 3 shows an overview of the developed 3-D active vision system.
In the experiments, the 3-D active vision consists of five major components: 
Evaluation of measurement system and discussion
A set of parameters are provided as a typical system configuration. Table   1 and table 2 show the specifications and the calibration parameters of the developed precision surface measurement system respectively. It can be inferred that the accuracy of camera calibration is around 10 m  , while that of projector is around 15 m  (16) . According to parameters provided, measurement range of the system can be defined. As it is shown in Fig. 4 , endpoints of CCD sensor and DMD chip define the boundaries of a tetragon PQRS . Because of reversibility of light, the projection device can be viewed as another CCD camera, and therefore any objects placed insides this tetragon is virtually observable by two cameras. In practical, the focal ranges Table 1  Table 2 15 of optical lenses are always limited by several millimeters. As the object placed away from the focal ranges the image of the patterns gets blurred, which introduces measurement noises. Therefore, triangle PQS  (MA) might be of our interest because it is closer to the optical centers C O and P O . Consequently, this region has the highest sensitivity and hence better measurement resolution.
In this section, Eq. (18) is used for evaluating the correspondence uncertainty within the MA. Under the assumption δ m=δ n=1 (m, n are integer), the uncertainties of all points in MA can be calculated from Eq. (13) and Eq. (14). Fig. 5 shows a map which gives a clear overview of the uncertainty distribution. It is seen that the corner P has the smallest uncertainty, 14.6 m  , which agrees well with previous discussion in Section 3. The uncertainty rises rapidly as it gets away from P, reaching a maximum of 23.5 m  at corner S. The variation of uncertainty within the MA is around 60.96%, indicating that the performance of the measurement is not uniform. In order to have better measurement resolution, the object should be placed close to the upper vertex P. However, this results in a smaller measurement range and therefore, a compromise between measurement range and resolution must be considered as the measurement of large area is desired. .
In order to demonstrate the usefulness of the uncertainty map, measurement results of a V-shape groove and the surface of a gauge block are illustrated here to provide a typical example. Fig. 7 shows the CCUs of MA and the measurement result of the V-shape groove is shown in Fig. 7(a) , which has a depth of 0.8 mm over 5 mm wide. Therefore, it is concluded that (18) can be used to estimate the effectiveness of the subpixel algorithm.
Conclusion
In this paper, a method for the correspondence matching error evaluation 
